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We describe a comagnetometer employing the f = 1 and f = 2 ground state hyperfine manifolds
of a 87Rb spinor Bose-Einstein condensate as co-located magnetometers. The hyperfine manifolds
feature nearly opposite gyromagnetic ratios and thus the sum of their precession angles is only
weakly coupled to external magnetic fields, while being highly sensitive to any effect that rotates
both manifolds in the same way. The f = 1 and f = 2 transverse magnetizations and azimuth angles
are independently measured by non-destructive Faraday rotation probing, and we demonstrate a
44.0(8) dB common-mode rejection in good agreement with theory. We show how spin-dependent
interactions can be used to inhibit 2 → 1 hyperfine relaxing collisions, extending to ∼ 1 s the
transverse spin lifetime of the f = 1, 2 mixtures. The technique could be used in high sensitivity
searches for new physics on sub-millimeter length scales, precision studies of ultra-cold collision
physics, and angle-resolved studies of quantum spin dynamics.
The value of paired magnetic sensors was first demon-
strated in the early days of modern magnetism, when C.
F. Gauss [1, 2] used paired sensors to perform the first ab-
solute geomagnetic field measurements. In contemporary
physics, paired magnetic sensors enable comagnetometer-
based searches for new physics [3, 4]. In a comagne-
tometer, co-located magnetometers respond in the same
way to a magnetic field, but have different sensitivities
to other, weaker influences. Differential readout then al-
lows high-sensitivity detection of the weak influences with
greatly reduced sensitivity to magnetic noise. Comagne-
tometers have been used to investigate anomalous spin
interactions [5–8] and spin-gravity couplings [9–11] and
for stringent tests of Lorentz invariance and CPT viola-
tion [12–17]. The comagnetometer technique also enables
NMR [18] and atomic spin gyroscopes [19–21] for inertial
navigation. Implementations with miscible mixtures in-
clude atomic vapors [22, 23] and liquid-state NMR with
different nuclear spins [24, 25].
In this work, we report a comagnetometer implemented
with ultracold atoms, namely a single-domain spinor
Bose-Einstein condensate (SBEC). SBECs can have high
densities and multi-second magnetic coherence times [26],
which together imply extreme magnetic sensitivity at the
few-µm length scale [27]. A single mode SBEC comagne-
tometer is robust against external magnetic field gradi-
ents [28] and could find application in detecting short-
range spin-dependent forces [29] and in studying cold
collision physics [30]. We employ a 87Rb SBEC, with
the f = 1 and f = 2 hyperfine manifolds as co-located
magnetic sensors. A challenge for this strategy is the rel-
atively short lifetime of the f = 2 manifold produced by
exothermic 2 → 1 hyperfine-relaxing collisions [31, 32].
We overcome this limitation using the spin-dependent
interaction at low magnetic fields to lock the spins in a
non-relaxing stretched state. In this way we achieve ∼1 s
lifetimes in f = 1, 2 mixtures and a magnetic field noise
rejection of 44.0(8) dB in the comagnetometer readout.
Apparatus and comagnetometer – The comagnetometer
is implemented on the f = 1, 2 hyperfine manifolds in
a single domain SBEC of 87Rb [26]. We employ 4.5 s
of all-optical evaporation to reach a pure BEC in a po-
lar state in f = 1, i.e. ξ/
√
N = (0, 1, 0)T ⊕ 0T5 . Here,
ξ
(f)
m is the spinor order parameter in the single-mode ap-
proximation (SMA) [33, 34] with indices f ∈ {1, 2} and
m ∈ {−f, ...,+f}. The initially empty f = 2 manifold
is denoted by 05, which is the length-5 zero vector. The
quantization axis is taken along the external magnetic
field B = Bz. At the end of evaporation, the potential
has a mean trapping frequency ω¯ = 2pi × 90(9) Hz [30]
and contains N = N (1) +N (2) ≈ 1× 105 atoms.
The state preparation starts with a radio frequency
(rf) pi/2 pulse, which rotates the initial state into
ξ
√
N = (1/
√
2, 0, 1/
√
2)T ⊕ 0T5 . A microwave pi pulse
on the |f = −1,m = −1〉 ↔ |f = 2,m = −2〉 transi-
tion then produces the state ξ/
√
N = (1/
√
2, 0, 0)T ⊕
(0, 0, 0, 0, 1/
√
2)T , which describes a stretched state ori-
ented along (against) the external magnetic field for the
f = 1 (f = 2) manifold. Finally, both spins are simulta-
neously rotated into the x-y plane by means of a second
rf pi/2 pulse.
We use rf fields along the x or y directions to simulta-
neously drive coherent state rotations of the f = 1 and
f = 2 manifolds. Such fields can be simultaneously res-
onant due to the nearly opposite gyromagnetic ratios,
which we write γ(1) = −γ0 − γs, γ(2) = +γ0 − γs, where
γ0/2pi ≈ 700 kHzG−1 and γs/2pi ≈ 1.39 kHzG−1. The
rf frequency is tuned to match the Zeeman splitting in
f = 1 and is detuned by 2γsB < 0.12Ω from the f = 2
Zeeman splitting, where Ω is the resonant Rabi frequency.
In the transverse plane, the spin manifolds precess
around the magnetic field in opposite directions. In the
SMA, f = 1 and f = 2 experience exactly the same ex-
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2ternal magnetic field and their angular evolutions read:
θ(f)(T ) =
∫ T
0
γ(f)B(t)dt , (1)
where θ(f)(T ) is the azimuthal angle of manifold f . The
start of the free precession is taken at t = 0, while its end
and start of the readout at t = T .
The spin state of the ensemble is measured by dis-
persive Faraday probing [26, 30, 35] as shown in Fig. 1.
We employ linearly polarized probe light closely detuned
to the 1 ↔ 0′ or 2 ↔ 3′ transitions of the 87Rb D2
line, for interrogation of f = 1 or f = 2, respec-
tively. The vector atom-light coupling [36] induces a
rotation φ(f) on the probe polarization, proportional to
the atomic spin projection along the propagation direc-
tion (y): φ(f) ∝ F (f)y . The spin projection is written
as F (f)i ≡ ξ(f)†Fˆ (f)i ξ(f), where Fˆ (f)i are the spin-f ma-
trices along direction i ∈ {x, y, z}. The rotation signal
is recorded on a balanced differential photodector [37],
from which the evolving spin projection is inferred and
is fitted with
F (f)y (t > T ) = F (f)⊥ (T )e−t
′/t(f)dep sin
[
γ(f)B¯t′ + θ(f)(T )
]
(2)
where the free fit parameters are the transverse spin mag-
nitude F (f)⊥ (T ), the azimuth angle θ(f)(T ) and the depo-
larization rate 1/t(f)dep due to off-resonant photon scatter-
ing. The average magnetic field B¯ is calibrated before-
hand. In Eq. (2) we distinguish between free evolution
time T and probing time t′ ≡ t−T . The first one ranges
from tens of µs to 1.5 s, while the second one covers the
40 µs of continuous Faraday probing. In the following dis-
cussion, we simplify the notation by omitting the explicit
T -dependence in the best fit estimates of the transverse
spin magnitudes and azimuth angles, writing them as
F
(f)
⊥ and θ
(f).
A largely B-independent signal is obtained by adding
the azimuth estimates to obtain θ(12) ≡ θ(1) +
θ(2). We define θ(12) as our comagnetometer read-
out. From Eq. (1), its magnetic field contribution is
θ
(12)
B = −2γs
∫ T
0
B(t)dt, which is suppressed by the ratio
θ(12)/θ(f) ≈ −2γs/γ0 or 48.0 dB relative to θ(f). In con-
trast, any effect that influences θ(1) and θ(2) in the same
direction would doubly influence θ(12).
Hyperfine relaxing collisions – The performance of the
comagnetometer described above will depend strongly on
the f = 2 lifetime imposed by hyperfine relaxing colli-
sions. In a hyperfine-relaxing collision, f = 2 atoms drop
to the f = 1 level, liberating hyperfine energy and allow-
ing the atoms to escape the trap [32]. This process makes
it difficult not only to achieve condensation in f = 2, but
also to observe coherent spinor dynamics in the f = 2
state. Nonetheless, when all f = 2 atoms are in the same
stretched state, i.e. |F(2)| = 2N (2), the hyperfine relax-
FIG. 1. Spin selective Faraday probing of a SBEC in a
superposition of f = 1 (blue, striped) and f = 2 (red,
solid). The frequency of the probe beam alternates between
δ(1) = −270MHz red detuned from the 1 ↔ 0′ transition or
δ(2) = 360MHz blue detuned from 2 ↔ 3′ transition (87Rb
D2 line), for addressing separately the f = 1 or f = 2 mani-
fold. The beam is focused to a few times the Thomas-Fermi
radius of the BEC and propagates along the y direction, while
the external magnetic field is applied along z. The linearly
polarized probe light experiences a rotation in its polariza-
tion proportional to the magnetization along the propagation
direction φ(f) ∝ F (f)y . Spin ensembles rotated into the trans-
verse (x−y) plane perform rapid Larmor precessions and the
resulting variations in the polarization of the probe light are
recorded on a differential photodector. The λ/2-plate (HWP)
and the polarizing beam splitter (PBS) balance and split the
orthogonal polarization components before detection. The
initial photodetector and 50:50 beam splitter (BS) monitor
the power of probe beam P (f). Insets show the acquired sig-
nals of P (f) and φ(f) as a function of probing time t′ for a
single Faraday readout. Typically, two consecutive 40µs long
and 20 µs separated Faraday readouts probe F (f)⊥ and θ
(f) in
both manifolds.
ation is forbidden by angular momentum conservation
and the f = 2 many-body state can be stable [34].
In a precession scenario, i.e. with nonzero F (f)⊥ , the
quadratic Zeeman shift drives coherent orientation-to-
alignment oscillations [26], e.g. from F (f)⊥ = fN
(f) to
F
(f)
⊥ = 0 and back. In themselves, these oscillations are
only a minor inconvenience; they allow full-signal mea-
surements but only at certain times. In combination with
the hyperfine-relaxing collisions, however, the QZS acts
to destabilize stretched f = 2 states and can greatly re-
duce the f = 2 lifetime.
The ferromagnetic (antiferromagnetic) spin interaction
in f = 1 (f = 2) [34, 38], which lowers (raises) the energy
of stretched states relative to other states, opposes the
orientation-to-alignment conversion and can reestablish
long f = 2 lifetimes.
The competition of QZS and spin interaction effects
is parametrized by the ratio η(f) ≡ |E(f)q /E(f)spin|, where
the QZS and spin interaction energies of a transverse
3stretched state in hyperfine manifold f are
E(f)q = (−1)f−1
(
h¯γ(f)B
)2
h¯ωhfs
fN (f)
2
, (3a)
E
(f)
spin =
g
(f)
1
2Veff
(
fN (f)
)2
. (3b)
Here h¯ is the Planck constant, ωhfs = 2pi × 6.8 GHz
is the f = 1, 2 hyperfine splitting frequency and the
spin interaction coefficients g(f)1 and effective volume Veff
are defined in [30]. When η(f)  1 the orientation-
to-alignment oscillations are suppressed, which prevents
hyperfine-relaxing collisions in initially stretched f = 2
states.
In Fig. 2 we show results on orientation-to-alignment
oscillations and hyperfine-relaxing relaxation for differ-
ent applied magnetic fields. The state preparation is per-
formed at B = 282 mG and, as described above, results in
a superposition of transversely stretched states ξ/
√
N =
Rˆ
(1)
pi
2
(1/
√
2, 0, 0)T⊕Rˆ(2)pi
2
(0, 0, 0, 0, 1/
√
2)T , where Rˆ(f)pi
2
de-
notes the rf pi/2 rotation into the transverse plane.
Thereafter, the magnetic field is ramped in 5 ms to a
value of 381 mG, 277 mG or 120 mG for free evolution.
In the 4 ms prior to Faraday readout, the field is ramped
back to 282 mG to have a consistent readout process.
We observe clear orientation to alignment conversion
cycles in f = 1 at 381 mG and 277 mG. The oscillatory
process is less visible in f = 2 due to its stronger spin
interaction and rapid atom losses via hyperfine relaxing
collisions. At 120 mG, (η(1), η(2)) = (0.64, 0.11)  1
and the spin interaction dominates in both hyperfine
manifolds. As a result, the degree of transverse mag-
netization is stable in both manifolds and the f = 2
lifetime is enhanced to ∼ 1 s. Further enhancement of
the f = 2 lifetime is expected at even lower magnetic
fields, however we observe instabilities in F (f)⊥ when
operating below B ≈ 70 mG, which we attribute to stray
AC fields.
Magnetic background suppression – We proceed
by evaluating the comagnetometer common-mode sup-
pression at low magnetic fields, where both hyperfine
manifolds are long lived. To this end, a constant bias
magnetic field of 120 mG is applied for state preparation,
hold time and Faraday readout. This removes the
temporal overhead of the previously required magnetic
ramps such that hold times down to 20 µs are accessible,
limited only by the hardware timing of the experiment.
We measure the spread in estimated azimuth angles
θ(f) and comagnetometer signal θ(12) as a function of
hold time T , with results shown in Fig. 3. We employ
as a cyclic statistic the sharpness S ≡ |〈exp[iθ]〉| [39],
where 〈·〉 here indicates the sample mean and θ is an
angle variable, e.g. θ(f) or θ(12). S2 = 1 indicates no
spread of θ while S2 near zero indicates a large spread.
We can relate the loss of sharpness with increasing T
seen in Fig. 3 to the magnetic noise as follows. First
FIG. 2. Evolution of the comagnetometer transverse spin
magnitude for f = 1 (blue, circles) and f = 2 (red, triangles)
for decreasing magnetic field strengths B. Graphs show the
transverse degree of polarization F (f)⊥ /(fN) versus evolution
time T , where the atom number N = 2F (1)⊥ (T = 0) is esti-
mated from the first f = 1 Faraday rotation signal. At field
strengths B = {381mG, 277mG, 120mG} the ratios between
QZS and spin interaction energies are η(1) = {6.53, 3.45, 0.64}
and η(2) = {1.17, 0.62, 0.11}, respectively. The reduction in
F
(2)
⊥ result from hyperfine relaxing collisions throughout the
evolution time, which is constrained to T ≥ 5ms+4ms by the
magnetic ramps at the beginning and end of the experimental
sequence. Results exhibit a clear transition to spin interaction
dominated behavior and longer f = 2 coherence times with
decreasing B. Error bars show the measured standard devi-
ation in the transverse spin magnitude over 12 experimental
repetitions. Solid blue and red lines are guides to the eye and
vertical lines indicate the temporal extent of the preceding
charts.
we note that the hold time T is always small relative
to the time between measurements and that by Eq. (1),
θ(f) is most sensitive to the DC component of B(t).
This motivates a quasi-static model, where the field B is
constant during free evolution and normally distributed
4FIG. 3. Magnetic noise rejection of the SBEC comagnetome-
ter. Graph shows evolution of S2, where S ≡ |〈exp[iθ]〉| is
the sharpness, as a function of hold time T , for θ = θ(1)
and θ = θ(12). Averages are taken over K = 12 sam-
ples. Sharpness of θ(2) closely tracks that of θ(1) and is
not shown. Dashed and solid lines show fits assuming a
quasistatic field noise model (see Eq. (4) and surrounding
paragraph), yielding RMS deviations in the azimuth angles
and comagnetometer readout of σθ(1) = 230(20) rad s
−1T and
σθ(12) = 1.45(5) rad s
−1T , respectively. Shaded areas repre-
sent the numerically estimated plus and minus one standard
deviation in S2 for the above obtained fit results.
from shot to shot, with variance σ2B . Consequently θ
(f)
and θ(12) are normally distributed, with RMS deviations
σθ(f) = |γ(f)|σBT ≈ γ0σBT and σθ(12) = 2γsσBT . For
normally-distributed θ and sample size K, the expecta-
tion of S2 is
〈S2〉 = 1
K
+
K − 1
K
e−σ
2
θ . (4)
This form is fit to the data of Fig. 3 to find σθ(1) =
230(20) rad s−1T and σθ(12) = 1.45(5) rad s−1T .
The ratio between these implies a 160-fold or
44.0(8) dB common-mode rejection of the magnetic field
noise, in reasonable agreement with the predicted 48 dB
rejection. The discrepancy is plausibly due to field drifts
during the free evolution, which will more effect larger T
and thus σθ(12) .
Conclusions and outlook – We have presented a SBEC
comagnetometer implemented on a coherent superpo-
sition of stretched states in the f = 1 and f = 2
ground state hyperfine manifolds of 87Rb, and observed
a 44.0(8) dB reduction in sensitivity to magnetic fields,
while retaining sensitivity to effects that rotate both hy-
perfine ground states in the same way.
We note a few natural extensions of the technique.
First, the QZS can be trimmed using microwave dressing,
to allow free choice of Larmor frequency and zero hyper-
fine relaxation. Second, a state-specific optical Zeeman
shift could be applied to null γs and thus fully cancel
background field noise. Third, the current readout noise
of ≈ 1000 spins can be reduced by cavity-assisted read-
out techniques [40–42] to reach the projection-noise level.
For the N = 105 and T2 ≈ 7 s demonstrated in [26], this
implies a sensitivity of ≈ 30 fT/√Hz or ≈ 210 µHz/√Hz.
In one week of running time, the statistical uncertainty
of such a system would reach ≈ 36 aT, making it compet-
itive with state-of-the-art vapor-phase comagnetmeters
used in searches for physics beyond the standard model.
For example, Lee et al. report 70 aT residual uncer-
tainty after 1.5 week of acquisition in a recent search for
axion-like particles with a 3He-K comagnetometer [29]. A
SBEC comagnetometer would moreover be able to probe
the ∼10 µm length scale, which is not currently acces-
sible to vapor-phase sensors. In searches for axion-like
particles, this length scale is only weakly constrained by
astrophysical arguments [43].
Other potential applications include precision mea-
surements of cold collision physics in ultracold quantum
gases [30], and angle-resolved spin amplification. Spin
amplifiers use coherent collision processes in a BEC to
achieve high-gain, quantum-noise limited amplification
of small spin perturbations [44]. They are of particular
interest in studies of quantum dynamics and nonclassical
state generation [45], but to date have not been able to
resolve the magnetically-sensitive azimuthal spin degree
of freedom. This issue can be circumvented in a SBEC
comagnetometer in which one hyperfine manifold tracks
the magnetic field evolution while the other experiences
parametric spin amplification.
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